Soil variability is a complex attribute that can affect geotechnical engineering design. This paper presents the initial stage of a study into the variability of soil proprieties at the Port of Navegantes, southern Brazil. This study is based on laboratory and field tests that were done as part of the Port enlargement planning. The database consisted of SPT, Vane, soil characterization, oedometer and triaxial tests. The terrain comprises three compressible organic clay layers, separated by variable thickness sand layers. A basic statistical parameter calculation, and an initial autocorrelation study are presented using these data for each clay layer, for planes of constant elevation and depth
Introduction
It is a current practice in geotechnical engineering to predict soil proprieties based on in situ or laboratory tests performed in sparse boreholes at the site of interest. Commonly, soil parameters are obtained by calculating the mean of their values from tests done in the terrain, without any consideration about the parameter's variability, or other uncertainties involved in the interpretation.
In the last few years, many authors have studied the variability of subsoil materials using a variety of approaches, highlighting the importance of this procedure and its implications for geotechnical design. Good overviews about the uncertainties in characterizing soil proprieties and spatial variability analysis can be found in Lacasse and Nadim (1996) and DeGroot (1996) , with Elkateb et al (2003) giving an overview involving soil heterogeneity and spatial variability. A complete explanation about the use of statistical methods to site characterization is presented in Baecher and Christian (2003) .
In this paper, a preliminary variability analysis for a selection of soil proprieties is presented for the Port of Navegantes site, southern Brazil. Enlargement of this important port is planned over the next few years and, as part of this expansion, earth fill will be used to preload the site surface, covering an area of 190,000 m 2 . The terrain is formed by three compressible organic clay layers separated by variable thickness sand layers, a very common type of soil profile near the Brazilian Coast.
Port of Navegantes Site
An extensive site investigation was undertaken at the port site during 2001 and 2002. Many field tests (SPT, Vane and CPTu) were performed, and undisturbed soil samples were extracted from the three compressible clay layers using a Shelby sampler. The location of the boreholes, the types of tests performed in each hole, and the topographic contours are shown in Figure 1 .
The compressible clay layers are of special interest to the embankment design. These clay layers are called in this work: layer 1 (from 0 to 3m of depth), layer 2 (between depths 8 and 11m) and layer 3 (from 28 to 42 m of depth, the deepest and thickest clay layer). Because of the importance of these layers to the total consolidation settlement, many laboratory tests were carried out on samples extracted from these layers. These laboratory tests included index and classification, oedometer, and triaxial tests.
Soil Proprieties Variability
The study of soil propriety variability was divided in two main parts. The first part comprised a basic statistical analysis of the proprieties obtained from laboratory tests: index proprieties, grain size, consolidation parameters and undrained strength obtained from UU triaxial tests. In the second part, a statistical study of field tests was developed, using data from the SPT and Vane tests. In this preliminary variability analysis of the site, CPTu tests have not been included. 
Index and Classification Proprieties
Six soil samples were extracted from each clay layer at the locations shown in Figure 1 . These samples were used to obtain the grain size distribution, specific gravity of solids ( s ) and the Atterberg limits (Liquidity Limit and Plasticity Limit). Because of the small number of samples, only few statistical parameters could be calculated for each clay layer: mean, range, standard deviation and coefficient of variation (COV = Standard deviation/mean). The results are given in Table 1 . The coefficient of variation can be very useful to help evaluate the variability of soil proprieties, it value serving as a first order approximation to geotechnical variability (Phoon and Kulhawy, 1999) . Comparing the COV values of Table 1 with typical COV compiled from the literature by Lee et al (1983) , it is possible to say that they are compatible.
Consolidation Proprieties
Eighteen oedometer tests were performed, six samples from each clay layer, as for the characterization tests. The vertical stresses applied in the samples from layers 1 and 2 varied between 6.25 kPa and 400 kPa, and in the samples from layer 3 from 12.5 kPa to 800 kPa. The pre-consolidation pressures ( vm ) were calculated using two methods: Casagrande and Pacheco Silva. The compression index (C c ) was obtained for each oedometer test, and the coefficient of consolidation (c v ) was computed for each vertical stress level. For the reasons cited previously, the statistical parameters calculated for each clay layer were: mean, range, standard deviation and COV (Table 2) . Despite the small number of tested samples, the COVs for the consolidation parameters are high. When compared to typical literature values (Lee et al, 1983) , the COVs related to vm and C c are reasonable. But COVs related to c v are higher than the maximum literature value of 100%, especially layers 2 and 3. This fact can be explained by the existence of one outlier test in each set of results in these layers. Due to the small number of samples -only six per layer -one outlier has a large effect on the COV. Despite the high COV values, the range of consolidation parameters are in concordance with other published data on Brazilian coastal soft clays (Marques and Lacerda, 2004) .
Undrained Shear Resistance -Triaxial and Vane tests
Unconsolidated undrained triaxial tests were also performed on samples from the three clay layers (17 tests in clay layer 1, 9 tests in clay layer 2 and 13 tests in clay layer 3). The main objective of the UU triaxial tests, for embankment design, was to obtain the undrained shear strength (s u ) of the organic clays. A summary of statistical parameters for s u are shown in Table 3 for each clay layer.
The location of Vane shear tests can be observed in Figure 1 . The clay layers were tested at several depths and in different quantities. A summary of statistical parameters of s u obtained from Vane tests (field determination) are also shown in Table 3 . Excepting layer 1, the mean s u obtained from the Vane tests were higher than those from the laboratory triaxial tests.
The coefficients of variation of s u from the Vane tests are smaller than those obtained from UU triaxial tests. This can be explained by the higher number of determinations, which decreases the importance of occasional outliers in the results. Another fact that should be mentioned relates to the Vane equipment used in these tests. This equipment had a mechanical limitation that only allowed strength measurements up to 100 kPa. Higher shear strengths could not be measured accurately. Because of this, in the strongest clay layer (number 3), many Vane tests have the same s u value (99.7 kPa), generating a low COV that is not very trustworthy. So, the statistics to s u obtained from Vane tests to layer 3 are not shown in table 3. 
SPT Analysis
A considerable number of Standard Penetration Tests (SPT) were done at the Port of Navegantes site. In this work, 79 SPT boreholes were used, providing a large data set. The SPT tests were performed to a maximum depth of 64 m, but most of them stopped around 50 meters depth. Because of some mathematical restrictions, like the SPT blow counts (N-SPT) matrix compound, it was necessary to use a uniform maximum depth for all the boreholes. So, the analysis was done to a maximum depth of 46 m. The first stage of the SPT analysis was to calculate the basic statistical parameters of N-SPT for each clay layer. The surface elevation of each borehole varied between 0.06m and 4.53m. In order to define representative depths where each clay layer was located, two types of analysis were done: considering planes parallel to the terrain surface (i.e. constant depth) and horizontal planes (i.e. constant elevation). A range of depths was defined for each clay layer, where the respective clay layer was found in more than 80% of the determinations. Note that this criterion does not mean that the clay layers have uniform thicknesses. They can vary from 0 to 6 m (layer 1), 0 to 10 m (layer 2) and 13 to 32 m (layer 3).
The range of depths for both analyzed cases, and the basic statistical parameters of N-SPT for each clay layer, are shown in Table 4 . 
COV(%) 47
In order to aid the subsoil mapping task, and assist in the geotechnical decision making that will influence the embankment design, an autocorrelation analysis of N-SPT was undertaken. The statistical correlation can be defined as a measure of the strength of the relationship between two variables. This means that two uncertainties are simultaneously estimated from a given data set and therefore are influenced by a common sampling variability error (Baecher and Christian, 2003) . The correlation coefficient can measure the linear interdependence of two random variables. It ranges in value from −1 to +1, indicating perfect negative correlation at −1, absence of correlation at zero, and perfect positive correlation at +1.
The spatial autocorrelation analysis shows how correlated a variable is with itself in the space dominium. In this work, an autocorrelation study was done adopting two approaches: using raw data (original N-SPT values) and using detrended data, i.e., removing linear trends of N-SPT data (that tend to have their values increased with depth) and working with the residual variations. To remove the linear trends of N-SPT data, a vector of breakpoints was used, that marked the approximated limit depths between different soil layers.
The autocorrelation coefficients were calculated for each layer, using planes of constant depth and planes of constant elevation. The evaluated separation distances between boreholes were: 30, 60, 80, 100, 150, 200, 300 and 400 m. Small variations of these distances were tolerated, from 5 to 10 meters. Additionally, the p-values related to the null hypothesis test of no correlation, i.e., that the correlation coefficient is equal to zero, were obtained. Each pvalue is the probability of getting a correlation as large as the observed value by random chance, when the true correlation is zero. If p-value is small, in this case less than 0.05 (or 5%), then the correlation coefficient is called significant.
In Figures 2.a to 2.d, the results obtained from the N-SPT autocorrelation analysis of layer 3 can be seen. The significant correlation coefficients were plotted using 'o' and the non significant, with associated p-value 0.05, were plotted using 'x'. Figures 2.a and 2.b show the results of the analysis using raw (or original) data in constant depth planes and horizontal (or constant elevation) planes, respectively. In Figures 2.c and 2.d, the results of this analysis using detrended data (or residual variations) can be seen, again for constant depth and constant elevation planes respectively. Exponential curves were fitted to the significant points only, and give an idea of the autocorrelation function for the whole clay layer. These curves were obtained using an optimization algorithm used to minimize the fitting error.
The number of significant correlation coefficients is indicated in the Figures 2.a to 2.d. It can be observed that this number increased greatly when the residual variations were used in the autocorrelation analysis. This fact can be explained because the data variance is reduced with the linear trend removed, increasing the confidence in the coefficient's calculation. Another point deserving attention is that the adopted surface boreholes elevation correction had a small effect on the number of significant coefficients, decreasing it when original N-SPT data were used.
Observing the autocorrelation curves shape, it can be noted that the use of residual variations increased the values of the correlation coefficients. Looking to the field soil description, it is easy to perceive the homogeneity of this clay layer. This fact can be better statistically noted through the residual variations analysis. . N-SPT autocorrelation coefficients of clay layer 3:a) using original data, b) using original data in horizontal planes, c) using residual variations, d) using residual variations in horizontal planes.
Conclusions
In this paper, an initial statistical analysis of geotechnical data from the Port of Navegantes site was undertaken. This analysis included a basic statistical parameters calculation, including mean, range standard deviation and COV, and an initial autocorrelation study of using SPT data. Instead of considering just one plane at a time in this analysis, the statistical study was applied to each layer. Additionally to the correlation coefficients, the p-values related to the null hypothesis test of no correlation, i.e., that the correlation coefficient is equal to zero, were obtained. The correlation coefficients were then classified in significant and non significant. The number of significant correlation coefficients increased greatly when the residual variations were used in the autocorrelation analysis. Additional data will be included in future analyses, including CPT data. This work should be continued, using statistical parameters in the embankment design, based on reliability concepts.
